The classic wheat evolutionary history is one of adaptive radiation of the diploid Triticum͞Aegilops species (A, S, D), genome convergence and divergence of the tetraploid (Triticum turgidum AABB, and Triticum timopheevii AAGG) and hexaploid (Triticum aestivum, AABBDD) species. We analyzed Acc-1 (plastid acetyl-CoA carboxylase) and Pgk-1 (plastid 3-phosphoglycerate kinase) genes to determine phylogenetic relationships among Triticum and Aegilops species of the wheat lineage and to establish the timeline of wheat evolution based on gene sequence comparisons. 
T hree members of the grass family (Poaceae)-wheat (genus Triticum), rice (genus Oryza) and maize (genus Zea)-are staple crops. Their domestication 8,000 to 12,000 years ago-wheat in South-West Asia, rice in China, and maize in the Americaspermitted the founding of great civilizations. The domestication of wheat involved multiple polyploidization events between several species of the Triticum and Aegilops genera (Triticeae tribe of the Pooideae subfamily of grasses). Hexaploid bread wheat (Triticum aestivum) is the most prominent member of the tribe, which also includes domesticated diploid and tetraploid wheats as well as rye (Secale cereale) and barley (Hordeum vulgare). The evolution of the diploid Triticum and Aegilops species, the origin of the homoeologous genomes, and the timeline of the polyploidization events that established tetraploid wheat in nature are the subject of this report.
The major grass subfamilies, including Pooideae, radiated 50-80 million years ago (MYA; ref. 1) . It was estimated previously that the Triticeae and Poeae (Lolium rigidum) tribes diverged Ϸ35 MYA, and Hordeum and Secale diverged from the Triticum͞Aegilops lineage Ϸ11 MYA and Ϸ7 MYA, respectively (1) . Subsequent events increased wheat ploidy to four and later to six approximately 8,000 years ago. The general evolution of the Triticeae tribe, as revealed by meiotic pairing analysis, has been defined by divergence at the diploid level from a common diploid ancestor and convergence at the polyploid level involving the diverged diploid genomes (2) . Various Aegilops species contributed significantly to the genetic makeup of the polyploid wheats. Extensive classical analyses and more recent molecular studies have provided information on the identity of donors and some of the patterns of genome evolution of the Triticum͞Aegilops species (3) . A review of Triticum and Aegilops taxonomy and related literature is available from the Wheat Genetic Resource Center at ksu.edu͞wgrc.
The Triticum and Aegilops genera contain 13 diploid and 18 polyploid species. The diploid species contain eight distinct genomes that were given the following names: A (A and A , M, C, U, N, and T. Two genomes found in polyploid wheats were given new names, B and G, because their diploid progenitors are not known. The allopolyploids arose from interspecific hybridization events followed by spontaneous chromosome doubling. Species containing a common genome, either A, D, or U, resemble the diploid donor of the common genome in morphology and mode of seed dispersal.
The wild and cultivated wheats include diploid, tetraploid, and hexaploid species for which either Triticum urartu or Triticum monococcum was the A genome donor. These two diploid einkorn wheats produce sterile hybrids, indicating that they are valid biological species (4). T. urartu exists only in its wild form. T. monococcum includes the wild form, T. monococcum ssp. aegilopoides (syn. Triticum boeoticum) and the cultivated form T. monococcum ssp. monococcum (limited to mountainous regions of Yugoslavia and Turkey). There are two tetraploid wheat species: Triticum turgidum (AABB genome) and Triticum timopheevii (AAGG genome). T. turgidum includes the wild ssp. dicoccoides and several cultivated subspecies such as T. turgidum ssp. durum (durum or macaroni wheat) grown in semiarid areas such as the Mediterranean basin, India, and the Northern Great Plains of the United States and Canada. The tetraploid T. timopheevii includes the wild-form T. timopheevii ssp. armeniacum (syn. Triticum araraticum) and the cultivated form, T. timopheevii ssp. timopheevii (grown in the Transcaucasian region). Finally, there are two hexaploid wheats: T. aestivum (AABBDD genome), including several subspecies, and Triticum zhukovskyi (A m A m AAGG genome). Genetic studies have revealed that the polyploid wheat species constitute two evolutionary lineages. T. turgidum (AABB) and T. aestivum (AABBDD) comprise one lineage, and T. timopheevii (AAGG)
Abbreviations: ACCase, acetyl-CoA carboxylase; PGK, 3-phosphoglycerate kinase; MYA, million years ago. Early cytogenetic studies suggested that the A genomes of the tetraploids in both lineages were contributed by T. monococcum (5) (6) (7) . More recent studies, as well as our own reported below, showed that T. urartu contributed the A genome in both lineages (8) (9) (10) . Also, it was suggested that the wild tetraploids T. turgidum ssp. dicoccoides and T. timopheevii ssp. armeniacum arose from hybridization between T. urartu and two different plasmon types of another wild diploid (8, 11) . T. aestivum arose under cultivation 8,000 years ago from spontaneous hybridization between T. turgidum ssp. dicoccon and the diploid goatgrass Aegilops tauschii ssp. strangulata (12) (13) (14) (15) (16) (17) ; one set of A genomes was contributed by T. urartu and the other by T. monococcum (8) .
The origin of the B and G genomes remains controversial. Much evidence suggests that an ancestor Aegilops speltoides species (S genome) was the donor of what became the B genome of the bread and durum wheats (18) (19) (20) (21) (22) (23) (24) (25) (26) . It is possible that Ae. speltoides is a significantly diverged form of the ancestral B genome donor (27) . Plasmon (the sum of extrachromosomal hereditary determinants) analysis also pointed to Ae. speltoides as the B genome donor (28, 29) , but it remains uncertain whether Ae. speltoides is the sole source of the B genome or whether the genome resulted from an introgression of several parental species (30) . The B genome in T. turgidum and the G genome in T. timopheevii were proposed to be closely related to each other (31, 32) , but also it was suggested that the G genome of T. timopheevii is more closely related to the S genome of Ae. speltoides than to the B genome of T. turgidum (33) . Analysis of organelle DNA in Ae. speltoides indicates that it may be the maternal (cytoplasmic) donor of all polyploid wheats (34) .
Here, we present the results of a molecular phylogenetic analysis of the Triticum and Aegilops species including A, D, and S diploids and A genome polyploids by using a system based on sequences of large fragments of nuclear genes encoding plastid ACCase and plastid PGK, as described (1).
Materials and Methods
Multiple sequence alignments of Acc-1 and Pgk-1gene fragments (GenBank accession numbers AF343496 -AF343536 and AF343474-AF343495, respectively) were described (1). These fragments were 1.5-1.6 kb long, spanned several introns and exons, and encoded most of the biotin carboxylase domain of ACCase and most of the mature PGK. CLUSTALX V.1.81 (35) and MACCLADE (Sinauer, Sunderland, MA) were used to create and analyze the alignments. The alignments were unambiguous within exons and required no manual adjustments within introns. The distribution of variable characters in different segments of the alignments is shown in Table 1 . PAUP* V.4.0 (Sinauer, Sunderland, MA) and MEGA (S. Kumar, K. Tamura, I. Jakobsen and M. Nei, www.megasoftware.net) were used to calculate phylogenetic trees and nucleotide substitution rates.
Phylogenetic trees were first calculated on the basis of intron sequences of Triticeae Acc-1 and Pgk-1 by the neighbor-joining method, without correction for multiple substitutions and with gaps excluded only from pairwise comparisons. Second, neighborjoining trees were calculated without correction for multiple substitutions and with gaps excluded only from pairwise comparisons but including both intron sites and synonymous sites in exons merged into one character set. This Acc-1 character set consisted of a total of 939 nucleotides including 205 variable sites. The Pgk-1 character set consisted of a total of 929 nucleotides including 180 variable sites. Bootstrap values for the neighbor-joining trees were calculated as a percentage of 1,000 trials. Third, phylogenetic trees were generated by the heuristic maximum parsimony search (equally weighted characters and nucleotide transformations, gaps treated as missing data, 1,000 random-addition replicates, tree bisectionreconnection branch swapping) based on gene sequences (exons plus introns). Many best trees (length 244) were found for the Acc-1 gene (Consistency Index ϭ 0.898, Retention Index ϭ 0.951). Four best trees (length 263) were found for the Pgk-1 gene (Consistency Index ϭ 0.757, Retention Index ϭ 0.724). Parsimony bootstrap analysis followed the same scheme with 1,000 replicates each with 10 random-addition replicates for Pgk-1 and 10,000 replicates in a ''fast step-wise addition'' search for Acc-1 as implemented by PAUP*. Hordeum vulgare was used as an outgroup for both genes.
Nucleotide substitution rates at synonymous and intron positions were first calculated separately for all pairs of sequences without correction for multiple substitutions and with gaps excluded only from pairwise comparisons. Substitution rates then were calculated for the merged intron plus synonymous sites character sets described above without correction for multiple substitutions and with gaps excluded only from pairwise comparisons. Average substitution rates between major lineages were calculated with SDs for each character set. Substitution rate heterogeneity was assessed for major lineages by the simple relative rate test (36) . Divergence times were calculated as described (37) by using the previously estimated divergence time between wheat and barley at 11.4 Ϯ 0.6 MYA which was based on the divergence time between Pooideae and Panicoideae set at 60 MYA (1).
Results
Phylogenetic Trees. Three different phylogenetic trees of the Triticeae tribe were calculated from the genomic DNA sequences of the Acc-1 and Pgk-1 genes. Neighbor-joining trees were based on either intron sites (Figs. 1 and 2) or on intron plus synonymous sites merged into one character set (not shown). The merged intron plus synonymous character sets were used to enhance tree resolution by including all available variable characters of the two types (see discussion of substitution rate calculations below). Finally, strict consensus maximum parsimony trees were calculated based on all informative characters found in the two genes. The topology of the two types of neighbor-joining trees was identical at all branch points that were well supported by bootstrap analysis (Ͼ70%) but differed at some branch points with low statistical support. The same conclusion was reached when the strict consensus maximum parsimony trees were compared with the neighbor-joining trees (Figs. 1 and 2). Several clades representing the major Triticum͞Aegilops lineages, such as the A, B, and D genome clades, are well supported, but some of the earlier branch-points are not. Early events, such as the divergence of the diploid Triticum and Aegilops, most likely occurred within a narrow time window, so our analysis could not resolve their sequence.
The Acc-1 and Pgk-1 trees show significant similarities but also some striking differences (Figs. 1 and 2). First, rye is an outgroup for all of the Triticum͞Aegilops Pgk-1 genes, but it forms a distinct clade with some Aegilops Acc-1 genes. Second, Aegilops searsi, Aegilops longissima, Aegilops sharonensis, and Aegilops bicornis Acc-1 genes form one well supported clade, whereas Ae. searsi is not in the same clade with the other three Aegilops species in the Pgk-1 tree. Third, the two Ae. speltoides subspecies, speltoides and ligustica, show different associations with other species when Acc-1 and Pgk-1 genes are compared. These issues are discussed below. (Fig. 1) . The A genome Acc-1 gene of T. turgidum (AABB genome), T. timopheevii (AAGG genome) and T. aestivum (AABBDD genome) are most closely related to T. urartu. The close relationship between T. urartu and the A genome in those polyploids also is evident from the Pgk-1 gene comparison (Fig. 2) as well as from a similar analysis of the Acc-2 gene (38). Our results suggest a relatively recent origin of the A genome-containing tetraploids.
Two accessions of Ae. tauschii ssp. tauschii, 1691 (var. meyeri) and 1704 (var. typica), were analyzed. The sequences of the Acc-1 and Pgk-1 genes from 1691 are identical to the sequences of the D genome orthologs in T. aestivum ( Figs. 1 and 2 ). This is also true for the Acc-2 gene, the Pgk-2 gene (38) , and the ⌿-Acc-2 pseudogene (1). This result is in agreement with previous studies that showed that var. meyeri is closely related to ssp. strangulata and the D genome of bread wheat (16) . The sequence of the Acc-1 gene from 1704 is significantly different (Fig. 1) , although the sequences of Acc-2 and ⌿-Acc-2 from 1704 are very similar to those of 1691 and T. aestivum (1, 38) .
Ae. speltoides is a member of the sitopsis section which includes also Ae. searsi, Ae. bicornis, Ae. sharonensis, and Ae. longissima. Ae. speltoides was suggested to be the closest living relative of diploid species that contributed the B and G genome to polyploid wheats. Interpretation of the placement of the Aegilops Acc-1 and Pgk-1 genes on the phylogenetic trees is complicated. First, some of the analyzed Ae. speltoides accessions have two copies of the genes. Second, relationships among these genes are different depending on which gene (Acc-1 or Pgk-1) and which copy of the duplicated genes is analyzed (Figs. 1 and 2 ). One significant difference is that rye is an outgroup for Pgk-1 from all Triticum and Aegilops species, but for the Acc-1 gene, it is not. In the latter case, some Aegilops species (Ae. searsi, longissima, sharonensis, bicornis, and some Ae. speltoides ssp. speltoides) seem to be more closely related to rye than to Triticum and to some other Aegilops species (Ae. tauschii and Ae. speltoides ssp. ligustica). Barley, as expected, is an outgroup for all Acc-1 and Pgk-1 genes from Triticum and Aegilops species and for rye.
In agreement with the taxonomy, Acc-1 genes from Ae. speltoides ssp. speltoides (accession no. 2368; a single copy) and Ae. speltoides ssp. ligustica (accession 1770, a single copy, and accession 2779, one of two copies) are closely related (Fig. 1) . The same is true for Pgk-1 genes from 2368 and 1770 (Fig. 2) . Furthermore, their position on the phylogenetic tree relative to both the Triticum species as well as to rye is very similar for both genes. However, the similarities end there. The second copy of the Ae. speltoides ssp. ligustica 2779 Acc-1 gene is similar to a copy of the gene from Ae. speltoides ssp. speltoides 1789, and they are both similar to the G genome Acc-1 gene from AAGG tetraploids (Fig. 1 ). All these genes are found in the Triticum clade. The second copy of the Ae. speltoides ssp. speltoides 1789 Acc-1 gene is similar to the gene in Ae. speltoides ssp. speltoides 1793 (a single copy) and to two copies of the gene from Ae. speltoides ssp. speltoides 2780. All these genes are found in the rye clade together with genes from the other five Sitopsis species (Fig. 1) .
One of the two Pgk-1 gene copies from Ae. speltoides ssp. speltoides 1789 is a chimera of unknown origin with some similarity to the A genome genes. the subspecies classification of these two accessions. Acc-1 genes of 2368 and 1770 are also very similar. The other Pgk-1 genes from speltoides place distantly on the tree, suggesting a different origin.
The Acc-1 and Pgk-1 genes in Ae. bicornis, Ae. Sharonensis, and Ae. longissima are found in one clade ( Figs. 1 and 2 ), although the four Acc-1 sequences from sharonensis and longissima are intertwined. Acc-1 sequences from four Ae. searsi accessions are identical to each other and similar to sequences from bicornis, sharonensis, and longissima (Fig. 1) . The sequence of the Pgk-1 gene from only one Ae. searsi accession was analyzed, but it is also the least closely related gene of the four Aegilops species (Fig. 2) . This result is in agreement with earlier suggestions based on other methods. Sharonensis and longissima are very similar in morphology, which is a possible explanation for the structure of their clade, but they are clearly distinguishable at the DNA sequence level. Finally, the Acc-1 and Pgk-1 genes from the Aegilops species analyzed in this study show no significant similarity to the B genome.
Nucleotide Substitution Rates and Divergence Times. Nucleotide substitution rates were calculated by using the merged intron and synonymous character sets. As a result, these rates are average rates for intron and synonymous sites where the synonymous rates have a lesser weight because of the lower number of such sites in the merged character set. This approach was justified by very similar nucleotide substitution rates observed for introns and synonymous sites in the Acc and Pgk genes in Triticeae (1). The same rate similarity, with only a few exceptions, was observed for the major Triticum͞Aegilops lineages. The average ratio of the nucleotide substitution rates in introns and at synonymous sites, calculated from average rates between the major lineages, was 1.08 Ϯ 0.55 and 0.76 Ϯ 0.26 for the Acc-1 and Pgk-1 gene, respectively. The variation in the ratio can be explained, in part, by a high variation of the synonymous rates because of too few nucleotide changes at synonymous sites being counted. This explanation is especially true for the Acc-1 gene, where some of the calculations were based on fewer than five changes. These pairwise rates were used to calculate average substitution rates between the major Triticum and Aegilops lineages (see the supporting information, which is published on the PNAS web site, www.pnas.org). Standard deviations were less than 10%, except for four pairs of sequences including sequences from the Ae. sharonensis͞Ae. longissima͞Ae. bicornis clade. The corresponding rates between all these lineages also were calculated separately for intron and synonymous sites and then averaged (supporting information). In this average, both intron and synonymous rates have the same weight. In most cases the two types of averages gave very similar results.
The divergence times between major Triticum and Aegilops lineages (supporting information) were estimated from the substitution rates calculated as described above by using a molecular clock model calibrated with the 11.4 Ϯ 0.6 MYA divergence time between barley and the Triticum͞Aegilops lineage (1). The error for such estimates is Ϸ30%, primarily because of the error of the fossil-based estimate of the divergence time of the Pooideae and Panicoideae subfamilies of grasses (50-80 MYA) used to set the clock.
Our system has inherent limitations for species which are too distantly or too closely related. For more divergent species, at and above the tribe level, reliable alignment of intron sequences becomes a problem (1, 38) . Exon sequences could then be used to address some of the questions by the analysis of nucleotide substitution rates at synonymous positions, providing a time window between 10 and over 100 MYA (1) . The method also fails for very closely related species or for different accessions of the same species or populations. There are not enough substitutions to count, even in introns.
The merged intron plus synonymous character sets provided better resolution and consistency for the more closely related species. On average, 4.8 and 4.5 nucleotide changes per million years were counted in Acc-1 and Pgk-1 introns (Table 1) , respectively. Synonymous sites (Table 1 ) added approximately one change per million years to that count for Acc-1 and three changes for Pgk-1. This gain for the Pgk-1 gene is significant. Calculation of the divergence times based on all sites in introns and synonymous sites in exons combined allows analysis within a 0.5-20 MYA window. Estimates of the divergence time between rye and Triticeae illustrates well the outcome of the two averaging methods described above. The divergence time based on the merged intron plus synonymous character set was 7.4 Ϯ 0.9 MYA. This result is the average of two estimates, one for Acc-1 and one for Pgk-1. The corresponding estimate based on intron and exon sites, calculated separately, was 7.6 Ϯ 1.8 MYA. This result is the average of four estimates: two for Acc-1 and two for Pgk-1. Both of these estimates are similar to the 7.2 Ϯ 1.6 MYA calculated previously (1). As we already noted (1), the rye case is rather extreme in its high nucleotide substitution rate variability between introns and synonymous sites and between these rates calculated for Acc-1 and Pgk-1 genes.
Substitution rate heterogeneity was assessed for the major lineages by the simple relative rate test (36) . In this test, the relative rate equals 1 for two lineages evolving at the same rate. The relative rate calculated for Pgk-1 and Acc-1 varied within the range of 0.6 to 2.0. This finding is illustrated in Table 2 for the B genome. With the exception of the Acc-1 relative rates for Ae. speltoides ssp. ligustica, these differences are two-fold or less, indicating a rather low-rate heterogeneity in the Acc-1 genes and an even lower rate in the Pgk-1 genes. Some of these apparent rate heterogeneities may be the results of horizontal transfer of genome fragments between species.
Our analysis is based on the assumption that different parts of the gene have the same evolutionary history. However, it is important to identify all those genes in which a single intron shows a significantly higher number of mutations compared with other introns in the same gene as well as those genes in which one part is much more similar to another gene than another part. The first case could represent a local accumulation of changes caused by events other than neutral drift; for example, changes that are a result of a recent transposition. The second case could indicate recombination events. An increased substitution rate in single introns was observed for some of the Acc-1 and Pgk-1 genes (data not shown). However, because of the low number of nucleotide changes found in individual introns, it was impossible to draw firm conclusions based on such single intron comparisons. Our analysis also indicated possible recombination. For example, the 5Ј-half of one of the Ae. speltoides ssp. speltoides Pgk-1 genes (pla2, Fig. 2) is very similar to genes in the A clade, whereas the 3Ј-half is divergent. As a result, this gene shows a greater affinity to the A clade than to the other Aegilops Pgk-1 genes. The origin of this possibly chimeric gene is not known. This was a clear-cut example. Detecting such chimeric molecules from closely related species is hampered by the small number of nucleotide changes. These observations underscore the importance of multigene and multitaxa analysis. Furthermore, multiple introns were analyzed as one set of characters to minimize the effect of such phenomena on the outcome of the analysis.
The information content of our data set is robust, allowing comparisons and error estimates at several different levels. First, individual pairwise distances of each type were averaged and, in most cases, evaluated by calculating SDs (supporting information), taking into account information provided by the analysis of phylogenetic trees derived from genomic sequences of the two genes ( Figs. 1 and 2) . Second, heterogeneity of nucleotide substitution rates in different lineages was probed (Table 2) . Third, divergence times estimated for different major lineages were compared with the deduced time-line of some evolutionary events. Two different methods were used to calculate divergence times. Finally, divergence times estimated for different genes were compared, to provide a time window for each event or to indicate the possibility of a different gene history in some species (supporting information).
The diploid Triticum͞Aegilops progenitors of the A, B, D, and G genomes in diploid, tetraploid, and hexaploid wheats all radiated at approximately the same time, 2.5-4.5 MYA (supporting information). These estimates are based on average values for the Acc-1 and Pgk-1 genes, which, in most cases, were very similar to each other. However, the divergence times between Triticum species (A, B, D, and G genomes) and the Ae. searsi and Ae. sharonensis͞Ae.
longissima͞Ae. bicornis lineages is consistently lower for the Pgk-1 gene than for the Acc-1 gene. This Ϸ2-fold difference suggests a different evolutionary history for the two loci in different lineages. The A genome species radiated more recently, 0.5-1 MYA, and wheat tetraploids appeared less than 0.5 MYA.
Discussion
Although a significant amount of information is already available, many aspects of wheat evolution remain unknown or require independent verification. A gene sequence comparisonbased approach seems suitable for the task, based on the assumption that analysis of a sufficiently large fragment of DNA will yield enough variable characters for the phylogenetic analysis. The success of this approach depends on proper selection and understanding of the origin, evolution, structure, and function of the genes being analyzed. Gene-specific and chromosome locus-specific effects on the nucleotide substitution rates, gene duplications and introgression, assignment of individual genes to genomes in polyploid species, and establishing orthologous relationships between them are some of the key issues. Corroborating evidence from two independent data sets for genes with different characteristics is essential.
We recently established a two-gene system to study grass evolution based on nuclear genes encoding the plastid multidomain (eukaryotic-type) ACCase and the plastid (prokaryotic-type) PGK. In previous papers, we reported the structure of wheat ACCases and their genes, gene copy number, and chromosome localization (38) (39) (40) (41) . The origin and evolution of the multidomain ACCase gene family in grasses is well understood (1) . Contrary to the multidomain plastid ACCase, which was created by duplication of an ancestral cytosolic gene, the cytosolic PGK arose by duplication of the PGK gene of endosymbiont origin (42) . Phylogenetic analysis of the PGK gene family in plants was presented earlier (1). Acc-1 and Pgk-1 are predominantly single-copy genes in grasses, allowing establishment of orthologous relationships among them. Exon sequences reveal relationships above the tribe level, as reported earlier, whereas intron sequences allow phylogenetic analysis below the tribe level, as demonstrated in this paper. Nucleotide substitution rates in intron sites and at synonymous positions also were analyzed on a relative basis to allow comparisons of different genes and, by using the molecular clock concept, to express the sequence of evolutionary events in historical time.
The information on Acc-1 and Pgk-1 gene families allowed us to revisit the question of phylogenetic relationships among wheat and its relatives. Our results agree with some well established facts: the close relatedness of T. monococcum (A m A m genome) and T. urartu (AA genome), T. urartu being the donor of the A genome to wheat tetraploids; T. turgidum (AABB genome) and T. timopheevii (AAGG genome) as well as Ae. taushii being the donor of the D genome to the T. aestivum (AABBDD genome). The latter event occurred only 8,000 years ago, making the D genome copies of the Acc-1 and Pgk-1 genes in the diploid and hexaploid species indistinguishable. We showed that the tetraploidization events occurred very recently (probably less then 0.5 MYA) relative to the radiation of the major diploid species, which shaped the structure of the Triticum and Aegilops complex of species 2.5-4.5 MYA. These results, together with our earlier estimates of the divergence time of Poeae, Hordeum and Secale, provide the timeline of wheat evolution illustrated in Fig. 3 for the T. urartu lineage.
Three points need to be stressed with respect to the timeline estimates. First, the resolution of the DNA sequence analysis is not sufficient to determine the order of events that occurred less than one million years apart. Second, the molecular clock in our calculations is based on the divergence time of the grass subfamilies of 60 MYA, a value in the middle of the rather broad range of 50-80 MYA available from estimates based on fossil records. This range is a significant source of error. Furthermore, fossil records tend to underestimate the divergence times. Nevertheless, our timeline of wheat evolution puts the process in historical perspective and allows direct comparisons with the conclusions of other such studies. Finally, the divergence time estimates presented in this paper are based on a clock model in which the nucleotide substitution rate is the same for all branches. Our analysis suggests that this may not always be the case. To take into account one of the possible sources of error-rate variation among different lineages-different methods need to be used (43) .
It has been suggested that Ae. speltoides (SS genome) contributed to the genetic makeup of tetraploid wheats. Our evidence suggests that some loci of the S genome of Ae. speltoides found in Iraq and Syria and the G genome of T. timopheevii are closely related, leading to the conclusion that parts of their genomes may have the same origin and were donated relatively recently by an Ae. speltoides progenitor. This evidence agrees with results of other studies implicating Ae. speltoides as the donor of the G genome. On the other hand, none of the loci of the Aegilops genome analyzed in our study seems to be a close relative of the B genome, so the diploid progenitor (or progenitors) of the B genome remains unknown. Our data also suggest that Acc-1 and Pgk-1 loci have different histories in different lineages, indicating genome mosaicity caused by an exchange of genetic material during the evolution of Triticeae. The analysis of Ae. speltoides was further complicated by an apparent duplication͞heterogeneity of the Acc-1 and Pgk-1 genes in some accessions. The latter event also could be the result of a recent hybridization involving distinct lineages of speltoides because it is an outcrossing species. Such genome mosaicity could affect taxonomic assignments at both the species and subspecies level.
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